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ABSTRACT. Flameiess atomic absorption spectroscopy was used to measure lead concen-
trations in samples from 5 selected human skeletal sites (tibia, skull, rib, ilium, and verte-
bra) obtained from 134 hospital autopsies. Lead was distributed unequally among the dif-
ferent bones in distinct patterns that were age-, and to some extent, sex-dependent. To es-
timate lead concentration of the entire skeleton, all skeletal bones were divided into S
groups bated on their approximate compact/trabecular bone ratios, considering each of
our S sampled sites to be the prototype for each such group. Regression analysis of the 10
possible bone site pair values at different ages yielded age-related constants. These con-
stants were incorporated into an emutkm we developed that can be used both to estimate
mean skeletal lead concentration (Hrt of the entire body skeleton and also to predict the
lead concentration at any of the other 4 bone she* if any 1 of the 5 is measured. Applica-
tions of these data to in vivo bone lead measurements are detailed with respect to selection
of the site to be measured, estimation of total skeletal lead burden, anticipated variations
or error, and dependence of these factors on age and sex of the sampled population.

I

CENTURIES before the earliest written records, lead
was a widely used metal, and it remains so today. Hu-
man exposure to this element can result in serious
pathological consequences if the body content reaches
a critical level. In humans, blood is the most common
tissue sampled for lead analysis, and the medical litera-

Nommbcr/Dcctmbfr rMt (VoL 4XNo. 6)1

ture relates the clinical features of lead toxicity to these
blood lead levels.

The majority of human lead uptake occurs via the
respiratory and gastrointestinal tracts. As much as 40%
of the inhaled lead is absorbed from the lung' and
enters the circulatory system. Gastrointestinal absorp-
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tion ot this metal is age-dependent; adults absoro about
10% 01 lead ingested/ whereas in children this traction
may reach as high as 50V Lead can be absorbed di-
rectly through the skin, but this route is insignificant un-
less the concentration is high and contact time prolonged
Ninety percent of the lead leaves the body via the
urine, and most of the remainder is excreted with the
feces: only a very small amount is lost in sweat, hair.
and nails.'

Lead is distributed unequally throughout the tissues
of the body. Less than 10% of all lead stored in the
body is deposited in the soft tissues, but the skeleton
contains the remaining 90-95%.' In bone, lead is incor-
porated into the hydroxyapatite crystal from which it
can be mobilized only very slowly. Recently adminis-
tered lead, however, seems to be more easily mo-
bilized.'

Studying lead turnover kinetics, Rabinowitz et al.;
carried out lead balance studies by supplementing the

' constant nospital diet of five volunteers with nonradio-
""active "lead Employing a three-compartment model.
ttiyy predicted mean lead halt-lives of 36. 40. and<T6;p>
days, respectively. Using these data. Batschelet et aP

_expancjgd the model to include the lungs and gastrom-
lestinaltract. This refinement of the^ model yielded
average half-lives_of 15.5. 34.7, andp2.6 x 10* daysJorO
blood, son tissues, and bone._ respectively. Smith and
Hursh.' using values published by various workers.
computed lead half ttves for blood, liver. andCJjone^of
69. 650. ant(4,250 day .̂ It is clear that bone-leacTresi-
dence time (afleasi in the adult) is of a magnitude to
justify an attempt to use adult bone lead content as a
reasonable reflection of lifetime lead exposure.

Distribution of lead in the human skeleton. For
many years the laboratory diagnosis of lead poisoning
has been achieved by quantitation of lead in blood and
urine samples."~'° Skeletal lead content has been of in-
terest primarily to physiologists, epidemiologists, and
paleopathologists dealing with the question of prolonged
lead exposure, in many cases attempting to estimate to-
tal lifetime lead accumulation." " Recent concern for^
chronic and subclinical lead intoxication, often ac-
quired during occupational exposure, has broadened
interest in bone lead levels.1415 These interests have re-
sulted in the development of in vivo lead Quantitation
either by bone needle biopsy"' or by noninvasive x-ray
fluorescence IBChrtlQuev11

Because earlier work has demonstrated inhomogene-
ity of skeletal lead distribution." " selection of the bone
site for noninvasive and/or single-site sampling tech-
niques becomes critical. In addition, application of
skeletal lead analysis to archaeological bones has gen-
erated a similar need because often only limited bone
sample sites (not always the same ones) are available
for analysis. For appropriate interpretation, the rela-
tionship of the lead concentrations at the available site
to that of the total skeletal lead level must be known.

The information presented here is the creation and
analysis of a database designed to address the above
noted specific concerns, with particular reference to
the following questions: (1)' How is lead distributed
among various bones of the human skeleton in modem

industrial noouiation-' 2' Ho\% do the lead concent,
tion patterns ot the various bones ot the human sk.-
ton dirter m relation to age and sex? and (3i C ir'
method be developed tor prediction ot total body ii>.
etal lead concentration and burden that would )*'
more consistent standard tor comparison ihjn •
measurement 01 any one bone site?

Materials and methods

Sample sites. Between 1976 and 1982, bone sam :̂.
were obtained by a single pathologist from 134 f<1*.
dom. northern Minnesota, community hospital aui«^
sies. This population included 81 Caucasian males ar
53 females ranging in age from 0 to 98 yr (Fig. n TH
bone sample sites were as follows: (1) tibia (midshan
(2) vertebra (wedges from the bodies of the third arv
fourth lumbar and the fifth thoracic vertebrae mean;
ing 3 cm along the edge of each face). Only the four
lumbar site was sampled after enough data had bet-
analyzed from the other vertebral sites to demonstrai
no significant lead content differences among ther
(see Results): (3) rib (a segment 6 to 9 cm lateral to iK
costochondral junction of the left fourth rib); (4) iliui
(a full thickness rectangular block 5x5 cm, one edf
of which included the iliac crest, removed from H-
right ilium approximately 5 cm posterior to the antem
superior spine); and (5) skull (upper left occipital bone
All samples were full-thickness sections, each wrappt
in plastic and frozen until time of preparation for lea
analysis. For analysis, 3-mm diameter samples were a
quired using an electrically driven, stainless steel, he
low core bit. either directly from the cadaver (tibia).
from the larger stored samples.

Lead analysis. A detailed description and validatk
of this method for bone lead analysis has been pr
sented elsewhere." Therefore, only a summary will I
presented here.

14-20 21-35 36-50 5-75 75*
Age Group (yean)

fif, 1. Characterization of the entire rtutfy population, as a h
lion ot aft and **>. Note our tfurfy population had no (object
the 3-13 yr aft rant*. Total number of main • •1;toUli
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The bones were thawed and scraped to remove ad-
.,.finn *on tissue. Samples were placed m Vvcore1 cru-
'pjf- and dried at 1 10°C for 20 hr (to constant weight).

lf,t. samples were ashed m a muffle turnace at 450°C tor
^ hr for until completely white), and cooled in A desic-
.,ir. Thi> ashing temperature VUT- selected to avoid los^

( t\]d by volatilization or as the sulfide or chloride/ '
,.f j,t> ashed weight was recorded, and the samples were
',,Hind to a fine powder in an agate mortar; samples

?~ ,-re returned to the desiccator until analysis.
Bone ash was dissolved in nitric acid, diluted, and an
quol was transferred to a sampling cup and diluted

^irt with 1.0 ml of water containing 853 ^ig/ml lan-
•.inum ion. Analysis was accomplished with flame less
,tornic absorption spectroscopy. Two standard, bone
omples. one high and the other low in lead levels.
u>re mcludedlrTthe analysis as quality control samples
.' each dav's run. These standard samples were bulK

x)ne ash that were stored in a desiccator and redned at
•lervals. They were treated in the same manner de-
...nbed for the samples.

To minimize contamination, all glassware, crucibles.
.nd sample cups to contact the samples and standards
,\ere soaked in nitric acid (HNO,) (7.8 moles/U from 2
•o 4 hr during the cleaning process.

The samples were analyzed on a Perkin-Elmer HCA
JlOO graphite turnace. which was programmed as tol-
ows: drying time 30 sec. temperature 100°C: charring
:;me 30 sec. temperature 475°C; atomizing time 7 sec.
•emperature 475°C: wavelength 283.3 nm; integration
;ime 6 sec: background correction— on; sample size 20
J.

Equation [1] below was developed to calculate mean
ead concentration of the total body skeleton (Pb) using
talues actually measured at all five sites (see Appendix
•or detailed derivation).

iPb) - [11

Certain additional methodological aspects are
discussed in direct reference to their application under
Results.

Results
In the development of the method, multiple

measurements of the low standard bone yielded a coef-
ficient of variation (CV - SO x 100/mean) of 12.4%,
and for the high standard bone the coefficient of varia-
tion was 8.6%. The recoveries were not a function of
bone lead concentration and were 103% ± 12.9%
iSDM). The absolute sensitivity of our method was 70.6
t 10.8 x 10-" g lead. A 0.006 MS lead/ml solution
yielded a detection limit of 0.0021 pg- lead/ml, and a
0.015 pg lead/ml solution yielded a detection limit of
0.0065 Mg lead/ml.'*

Concentration units. Various laboratories have re-
ported bone lead concentrations as the amount of lead
per gram of wet bone, dry bone, or bone ash.l$a-J We
have elected to express our data as "micrograms of lead
per gram bone ash" in consideration of the errors in-
herent in obtaining accurate wet and dry weights. How-
ever, to facilitate the comparison of our data with that

published as wet jro drv •.alues vse me^surt'ci i"o \ \ t- i
dry. and ashed weights on 50 adult sampk^ m our -iun\
population. These ratios are summarized in Tjliif 1

To evaluate age eriects on the change m weicm con-
versions trom ash to dry or wet values, the ash to dr\
and a>-h to wet ratios lor each bone site were piutii-n .i»
a function of age. The data were tit by linear regrt-»n>n
and yielded slopes of between 10'1 and 10" \\nh
regression coefficients ranging from .07 to 0.6. Due to
the very small slopes and the large data scatter, we did
not attempt corrections for weight ratio differences as a
function of age.

lead distribution
Bone site differences. Table 2 and Figure 2 present

the lead concentration, as a function of age. for bones
at the 5 sample sites studied. The age groupings were
selected on the basis of developmental and ph\»ioloi;i-
cal function: 0-2 yr, intants; 3-12 yr, children im the
data presented we had no individuals in this group):
13-20 yr, adolescents: 21-35 yr, young adults: 36-50
yr, mid-adults: 51-75 yr, mature adults: and >75 yr.
senior adults. Table 3 summarizes the results ot non-
parametric analysis (Wilcoxon Signed Rank Tesf') of
the 10 possible bone pair comparisons among the 5
sample site values.

The newborn-infant group is omitted from this and
subsequent evaluations for the following two reasons:
(1) there are too few subjects in this group for proper
statistical analysis, and (2) the lead concentration or all
samples is below the detection limits of the method In
adolescent and young adult groups, only the vertebral
values differ significantly from the other four sample
sites. Differentiation occurs between other bone pairs
in the 36-50 yr age group. Following that age, the con-
centration at each bone site is statistically different trom
that at every other site (p < .05). _

Linear distribution of lead in the diaphysis of the
tibia. Sample site selection in any long bone would be-
come a significant variable if there are substantial differ-
ences in lead concentation at various points along the
diaphysis. For this reason, bone lead concentrations
were measured at many sites along the diaphvseal
length of the tibia. This bone was an intact right tibia
from a 56-yr-old male logger's skeletonized, exposed
body found in the forest 18 mo after his disappearance.
Beginning at the proximal end, 3-mm core samples
(full-thickness) of the bone cortex were removed at
1-cm intervals along the length of the diaphysis (a total
of 28 samples).

Analytical values are demonstrated in Figure 3. Least
squares regression analysis" was applied to the lead
concentration of the individual samples (dots in Fig. 3)
as a function of distance along the diaphysis. The slope
of this regression line was -0.06 with a regression coef-
ficient (R'l of 0.01. This analysis indicates that there <•>
no linear relationship between bone lead concentra-
tion and the distance (position) along the diaphysis. In
vivo monitoring systems commonly scan bone surface
areas of about 3-cm diameter." " To approximate such
conditions more closely, we averaged the above de-



Table t.—Weight Ratios of the Five Bone Sites Sampled

Sample me Dry.'weight » SEM Aih/wei vh dry ± St-M

Tihi.i
Vertfbrj
R,b
Ilium
Skull

OB'S
0.57h
0618
0695
0.844

• 0 DOS
- 0013
1 0014
l 0010
± 0010

0 ill
0 174
0 224
0287
0.533

» OKf l
. 0011
t OOU
» 0012
t 0012

n ii(i>
(1 Wl
0.3:2
0411
0632

.

.
,
^
^

( I ( 1 1 _'
O O l i
0018
0014
0010

Ih
37
33
23
14

Table 2.— Mean Bone Lead Concentrations <*g Pb/g bone ash) as a Function of Age for the

Age group (yrl

>75
SEM
51-75
SEM
36-50
SEM
21-35
SEM
14-20
SEM
0-2t
SEM

Age (yr)

86.3(31)'
• 1 0
63.9(42)

1.1
42.3(15)

1 3
246(18)

1.0
1761131
0.5
0.3(121
0.1

Tibia

29.0(28)
» 3 4
24.2<38i

2.3
166(14)
4 1
59(18)
1 2
2.3(131
1.0
0.3111)
0.2

Ilium

17.0(29)
±2.6
19.2140)
2.4
99115)
1.6
5.3(16)
1.2
2.3(13)
0.9
0.01111
0.0

Rib

205(31)
±2 .4
22.3(40)
2 6
97(15i
1 7
50(18)
1 2
2.9(121
1 4
0.7(12)
04

Five Sites Sampled

Vertebra

18.8(30)
«2.6
22.4141)
2.6

11.9115)
2 1
6.3(17)
1.3
38(12)
1.4
0.6(12)
0.6

Skull

26.1(28)
-3 .2 !
22.8(29)
2.9

15.2(15)
3 3
49(17)
1.1
3.2(101
1 7
0.6(121
04

Note: our sample population contains no subiects between the ages en 3 and 1 3 yr
•Numbers in parentheses represent the
tThe 0-2 yr age group
(see text ior discussion)

is included here
total number 01 samples contnbut
to emphasize the low lead levels.

ng to the mean value.
It is not considered in subsequent tables

scribed core sample values in sequential groups of
three along the entire diaphyseal length, thus obtaining
the mean values over 3-cm increments. These 3-cm
grouped samples are presented as bars in Figure 3. The
overall mean and standard deviations of such group-
ings were 28.5 ± 4.1 u.g Pb/g ash. All the 3-cm group-
ings fall within t 1 standard deviation of the overall
mean value.

We concluded that for the employment of in vivo
bone-lead measuring devices, differences in bone lead
concentration along the length of the tibial diaphysis
are small enough so they may be neglected.

Lateral asymmetry. Skeletal morphological asym-
metry is well known.-1* requiring demonstration that
lateral dominance does not affect bone lead concentra-
tion. Values for lead content of samples from both left
and right tibial diaphyses of 12 adult members of an ar-
cheaologically excavated colonial American popula-
tion" were determined and are displayed in Table 4.
Analysis of this data employing the paired Student's t
test" yielded a ( statistic of 0.18 with 11 degrees of free-
dom, indicating no significant difference between right
and left sampling sites or the same individual-

Vertical asymmetry. Because weight-bearing stress
may vary at different vertebral levels, we obtained sam-
ples from two adjacent lumbar vertebrae (L, and L),
and from one thoracic vertebra (T,) in 22 autopsies.
Their bone lead concentrations were treated with one-

way analysis of variance and yielded no significant di
ference (p < .05) among any of the three posstbl
sample-site pairs (L, vs. L. LI vs. T,, and L vs. T,
Thereafter, a mean veneBral lead level was assigned t
all autdpsies, in which more than one vertebra w;
sampled. In subsequent autopsies, vertebral sample
were obtained only from the L site. It was felt that th
absence of difference among the three sites also rt
fleeted consistency of our sampling, storage, and anak
sis techniques.

Metaphysis vs. diaphysis. Because lead is deposite
preferentially at sites of most active bone growth,' it
possible that such deposition in the periepiphysei
areas of the metaphyses of long bones during the year
of body growth might result in lead concentrations th,
are different from those in the diaphysis.

Samples were prepared and analyzed from the fo
lowing sites in adult tibias: mid-diaphysis cortical bom
metaphyseal cortical bone, and metaphyseal trabeci
lar bone (metaphyseal samples both were acquire
from just above the tibial tuberosrty) in 47 autopsie
This population consisted of 31 males and 17 female
with comparable mean ages (males 64.2 T 3.0 SEM •
and females 68.7 ± 3.1 SEM yr). Meticulous care w<
used in the separation of all trabecular bone from th
cortical samples. Student's ( tests were applied to th
three sets of data and are summarized in Table 5. N
significant difference was found in the lead concentr.
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,n oi the cortical bone samples taken rrom the
.,,>i.»physis and diaphysis of the same individual, but
..H. lead concentration of the trabecular bone in the
.-etJphysis vvas significantly different (usually higher)
.,,,m that of either conical sample (p < .05).

Lead concentration related to age and set. Figure 4
yrnonstrates the pattern oi lead concentration tor the

.'vi> sample sites in relation to each age group. The
ircely compact bone sites (tibia and skull) reveal a

Vrpetually rising lead concentration, whereas those
ontaining a significant component of trabecular bone
•inline in the oldest age group. The degree of this
,,.clme is roughly proportional to their traction of
:r.ibecular bone content.

To define these relationships further, the values of
•he purely compact bone site sampled (tibia) were plotted
\,th those of the purely trabecular bone site (vertebral

Titxa
SkuN

G Rib
H Venaon
O

0-2 14-20 21 -35 36-50

Age Groups (years)

51-75

Fig. 2. Bone lead concentration at the five bone sites as a function
at age group.

bodvi tor both m.iles and temales iFig 5i It ;- noied
that vertebral le\els exceeded those oi the ntn.i unhl
the growth period was completed at about tho Jut- oi
20 yr. However, after age 35 yr, tibial level> ue'e uni-
formly greater. The largest discrepancy between these
two becomes apparent m the oldest age croup M-<. •
ondary to the marked decline in the vertebral lead con-
centration. The plotted tibia/vertebra ratio (Fig 6> dem-
onstrates a progressive discrimination in the adult pop-
ulation against lead deposition in the trabecular bone
(vertebra) in relation to that in the cortical bone (tibia).
Similar patterns are evident in the other two primarily
trabecular bone sites sampled (rib and iliumi. Tibial/
skull ratios are interesting in that the skull parallels
vertebral values during youth and tibial values during

• adulthood. This may well reflect the small diploic com-
ponent of the adult occipital bone. These relationships
may be more easily visualized in Figure 2, which sum-
marizes the mean lead concentrations at each of the
five bone sites for each of the age groups.

Estimation of total body skeletal lead concentra-
tion. If the total pool of lead stored in the human skele-
ton can ultimately be mobilized and therefore consti-
tutes a threat of latent toxicity to its host, it would be
desirable to estimate the magnitude of the total body
lead burden and its location in the principal compart-
ments, compact and trabecular bone. Our selected
sample sites represent a gradient of compact/trabecular
bone ratios from pure compact bone (tibia) through
mixtures of compact and trabecular bone of varying de-
gree (rib and ilium) to pure trabecular bone (vertebral

' body).
Based on the compact/trabecular bone ratio of each

bone, the entire complement of bones in the skeleton
was divided into five categories, each represented by
one of the bone sites sampled in this study. It was as-
sumed that the lead concentration of the sampled bone
site represented that of all the bones assigned to that
group. Such a grouping was based on the weight dis-
tribution values of Lowrance and Latimer" and is pre-
sented in Table 6.

Table 3.— Probabilities That Lead lone Concentration Differences at the Indicated Sample Site
and Age Are Due to Chance

Data pairs*

T vsS
T v s R
T vsV
T vsl
S v s R
S vsV
$ % s l
R xs V
R vsl
V vsl

Note: R -
•Numbers

14-20 21-35

0.306 (7) 0.490 (16)
0.390(8) 0.326(17)
0.019 (9) 0.074 (16)
0.280(8) 0.431(13)
0.155(7) 0.4B6I13)
0.031(7) 0.015(15)
0.250(5) 0.325113)
0.014191 0.0121 IS)
0.444 (8) 0.425 (14)
0.006 (8) 0.006 (16)

rib. T - tibia. V - vertebra. I - ilium.

Age group (vl
36-50

0.431 (13)
0.021 112)
0.350(13)
0.011 (12)
0.006 (14)
0.099 (14)
0.003 (13)
o.osr <i4i
0.337(131
0.048 (14)

and S - skull.
in parentheses represent number of paired analyses done in

51-75

0.000 (26)
0.000 (37)
0.000 138)
0.000 135)
0.000 (271
0.000 (27)
0 000 08i
0 JO4 140.
0.000 (361
0.000 (39)

each group.

>75

0.000 126)
0.000 (28)
0.000 (28)
0.000 (27)
0.000 (27)
0.000 (27)
0.000 126)
0.000 130)
0.000 (28)
0.000 (28)

l(Vol.43(No.6H



Fig. 1. linear distribution of lead in the diaphysis of the tibia. The
doff represent the individual sample lead concentrations (jjg/g bone
ash). The vertica/ oars represent the mean of three samples over a
3-cm distance. The mean and standard deviation values represent
an analysis of all the samples Uken from the tibia. See le»t for fur-
ther discussion.

Table 4.— lead Concentration (14 Pb/g bone ash) in the
Right and left Tibia of Archaeological Skeletons of
12 Colonial American Adults

Sample
number

1
2
3
4
5
6
7
8
9

10
11
12

Lead concentration i|ig Pb/g
Right ubia

52.0
485
93.3

124.4
187.1
36. 5
60.3
46 1
443
905
23.2

5.7

bone a»hi
Lett tibia

53.7
47.7

103.7
112.9
1936
448
69.0
35.7
581
62.2
33.0
4.9

Discussion
As lead accumulates in the skeleton, evidence of dif-

ferential distribution among the bones occurs. The
earliest differences become apparent during ado-
lescence (Table 3). when the trabecular bone of the
vertebral body accumulates significantly more lead
than that of the other four sites. The young adult period
is characterized by further differentiation of lead con-
centrations in the bones studied until the fourth dec-
ade, after which the amount of lead stored at each of
the five sites studied is uniquely different from that at
the others.

The quantitative trends responsible for these changes
can be identified in the age-related lead concentration
patterns of the different sites. Until bone growth ceases
at the end of the second decade, lead accumulates
more rapidly in the trabecular bone sites, especially in
the vertebral body (Fig. 2). During this phase of lead

the con(_t'niration> in the<-e nones
those ot predominantly compact cortic.il hone
the tibia. Arter norK crouth ce.isev hout-,er ln .
verse becomes true. Lead i* then preierentially S|0f '
in compact bone. This pattern continues throng,'
life e\en beyond the eiijnth decade when the !j^
trabecular bones cease lead accumulation y,e|c.
their previous lead content as reflected in their de< ,,
ing lead concentrations even while (he compact bor.
of the tibia maintains us previous level (females) or o,r
tinues to store ever greater quantities (malesi.

Varying selection of bone sample sites may h«- ,.
sponsible for conflicting findings reported by din«.-r(, •
investigators regarding the rate of bone lead accumu!.,
tion during the age period 40-90 yr. Some of these .r
vestigators reported their results in dry or wet bon,
units. Wherever necessary, we replotted such ddt
after converting the lead concentrations origmalK ..
ported in wet or dry units to ashed values, u^n^ ••
weight ratios listed in Table 1. The data reported t>
Gross et al."1 and Drasch-'" yielded a pattern similar >,.
that presented here m that, even arter the age of 70 >c
the long bone cortical lead values continued to ns».
but those of the trabecular bones declined. Amont
those investigators who measured lead concentration.,
in bones with a major fraction of trabecular bone stru<
lure (usually rib samples), a decline in lead concentr,,
tion in advancing age was noted by Cherry et al..
Schroeder and Tipton," and Nusbaum et al.,10 but not
by BarryrJ or Ulrich." On the other hand, Weinig and
Borner" found no such decline in either cortical or tra-
becular bone samples, although the latter two mvesti
gators had only two subjects over the age of 70 yr m
their populations. It is conceivable that the more rapid
lead turnover rate of the trabecular bone may be re-
sponsible for these patterns (see discussion belowi
augmented by the higher rate of lead absorption m
children. T

Because it is not feasible to measure (he lead content
of five different sites in vivo, it was hoped that the dif-
ferences in lead concentrations of various bones would
be sufficiently consistent in their relationships to each
other that prediction of the values at four of the five
sites would be possible after actual measurement 01
any one of them. Equation [1] could then be used to es-
timate the mean lead concentration of the entire skele-
ton. After that was achieved, the total skeleton lead
burden could be expressed in absolute terms _by multi-
plying its mean skeletal lead concentration (Pb) value
by the weight of the entire skeleton (obtained from
standard reference tables based on body weight).

To predict the lead content of 1 bone site from the
analysis of another site, the database was sorted to
yield only those subjects that had measured values for
all 5 sites. The data were then separated into age
groups as defined earlier. For each pair of bone sites
(10 in all), the lead levels were fit with a straight line b\
the method of least squares/4 The fitting procedure
was done with the constraint that the intercept would
be zero (0,0). The resulting slopes relating each of the
bone pairs are summarized in Table 7. Employing the
relationships summarized in Table 7, the bone lead

AicMvMOtTfn
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Fig. 4. Bone lead concentrations (pg/g bone ash) in relation to age for (he five bone sites sampled.

concentration determined at only 1 site can be used to
Dredict the lead concentrations in the bones at the
other 4 sites.

Figure 7 demonstrates the variation of mean lead
concentration of the entire skeleton estimated as fol-
lows: (A) actual measurement of the lead concentration
at five different sites with the use of these values in
Equation (1] (results indicated as A in Pig. 7); (8) actual
measurement of the lead concentration at only one
oone site (either tibia or vertebra), with mathematical
prediction of the lead concentration at the other four
sites and use of these values in Equation [1] <(B - A]/A
x 100 is represented as B in Fig. 7); and (Q actual
measurement of the lead concentration at only one site
either tibia or venebra). and assumption that the mean
ead concentration of the entire skeleton is simply
equal to that one measured value without any use of
Equation [1] ([C - A]/A x 100 is represented as C in
Rg-7).

Values derived from measurements at only two of the
single bone sites (tibia and vertebra) were plotted be-

cause values derived from rib and ilium single-site se-
lection proved to demonstrate values similar to or inter-
mediate between those of the vertebra and tibia.
whereas the skull varied directly with the tibia in adults
and with the vertebra in adolescents.

Perusal of Figure 7 reveals a progressive decrease in
variations with increasing age. In addition, selection of
compact bone as a single measured site produces ap-
proximations closest to the "actual" values for mean
lead concentrations of the entire skeleton as estimated
from actual measurements at all five sites ("A"). Predic-
tions generated from measurements made only at a tra-
becular bone site, such as the vertebra, reveal much
greater variations at all ages. Such differences between
trabecular and compact bone certainly reflect that
compact bone represents at least two-thirds of the skel-
eton's total weight and so carries a larger weighting
constant in Equation (!]. In addition, some metabolic
factor may affect trabecular more than cortical bone. If
the presumably more sedate life activities of our oldest
age group subjects resulted in decreased lead exposure



20 40 60 80 100 0 20 40 SO SO 100

Fig. S. Bone lead concentration (*ig/g bone aih) in the tibia and veftebra ai a function of age and m.

2.0

1.0"

0 20 40 60 80 100

Aot (years)

Fig. 4. Age-related tibia/vertebra ratio* of bone lead concentration.

and absorption, then the more rapid turnover rate of
trabecular bonej- may be responsible for their observed
decline in vertebral lead content. Furthermore, the ab-
sence of such a decline (or actual rise) of concurrent
compact bone lead values may indicate that some of
the lead that leached from trabecular bone was rede-
posited in compact bone. Finally, disease processes
such as osteoporosis. common in the elderly, may af-
fect trabecular bone selectively or predominantly. Such
biological changes may contribute further to the math-
ematical impact consequent to the disproportionate
representation of compact bone in the skeleton, result-
ing in greater variation in prediction of total skeletal
lead burden when selecting trabecular rather than
compact bone as the actual measured site.

These data have useful application in studies directed
at (he quantitation of human bone lead content for
clinical use, whether by in vivo x-ray fluorescence

methods11 or biopsy techniques.1* Knowledge of in-
different patterns with respect to age that character^
the various sites will assist the investigator in choosir
the one most appropriate for the goal of a panicul
study. Interest in monitoring the total skeletal le<
burden of industrially exposed workers would lead
the selection of the tibia (or its equivalent) as a si
whose concentration alone would most closely appro
imate the desired measure. Modification of the simp
tibia lead concentration using the appropriate pr
diction constants would generate an even more a
curate estimate in most age groups, still closer to tl
"actual" mean skeletal lead concentration.

Table 6.—Grouping of Bonn to Estimate Percentage of
Total Skeleton Represented by Each Sample Site'

Sone Percentajf oi total skeleton Sample site

Tibia
Humerus
Radius
Ulna
Femur
Hand
Patella
Fibula
Foot

Subtotal
Skull
Mandible
Hvokl

Subtotal
Rib
Sternum

Vertebra
Ilium
Scapula
Clavicle

Subtotal

1063
6.38
2.18
2.66

17.67
2.53
O.S7
2.47
5.79

50.88
17.98
2.42

20.40
6.42
0.47
6.89

10.06
783
2.84
1.04

11.71

Tibia

Skull

Rib
Vertebrae

Ilium

•Adapted from lowrance and Ulimer. Table 1 (1976).
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fig. 7. Estimation of the accuracy o< mean skeletal lead concentra-
tion of the entire skeleton mint one or multiple bone sampling
sites. A - mean lead concentration of entire skeleton tUhiuttd by
actual measurement of five bone site* and using Equation 1 to
calculate Pb. B • percent of A, represented by tiUnuUi of the
mean lead concentration of the entire skeleton obtained by
measurement of only one bone site (either tibia or vertebra),
predicting the lead concentration at the other 4 site* and then using
Equation 1. C • percent of A, represented by a value of mean lead
concentration of the entire skeleton, assumed simply lo be Identical
lo actual value of only one measured bone site, either tibia or

A sludv involving estimation of the trabecular bone
lead content of the entire skeleton could use any of
three such sites (vertebra, ilium, and rib) we measured
or their equivalents. Our data indicate, however, that
the lead concentrations at these sites are often not only
substantially different from those of the compact bone

in the tibia, but frequently differ from those in other
trabecular bone sites as a function of age (Fig. 2). Use of
Table 7 prediction constants for these sites will con-
tribute even more toward standardizing comparisons.
Nevertheless, the data reveal that the investigator using
such trabecular bone sites can expect a significantly
greater variation in prediction of total skeletal lead
burden than when using compact bone sites. This most
likely reflects the impact of metabolic factors that are
absent or operating to a lesser degree in the compact
bone sites.

Bilateral sampling (Table 4) has assured us that either
the right or left side may be employed with equal confi-
dence, and no differences in lead concentration along
various levels of the spine were found in the vertebrae
analyses. Our data not only confirmjhe variably higher
lead concentrationjof the long bone ends noted by pre-
vious investigators,14" but also identify this increase as
the exclusive contribution of trabecular bone content.
Although minor inhomogeneities of lead deposition are
demonstrable in the tibia) diaphysis, these increase the
variability of only the smallest samples: measurements
of a 3-cm sample area (common in x-ray fluorescence
in vivo techniques) anywhere along the length of the
diaphysis will result in a value within one standard
deviation of the mean value of the entire tibia) shaft.

We anticipate that these data wilt be of substantial
assistance in the design of human skeletal lead studies
and in the interpretation of the resulting analytical
values.
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Appendix

Calculation 01 Mean Skeletal Lead Concentration (Pbi

To examine skeletal lead burden, we have opted not to use
or attempt 10 denne total lead content because u is evidently a
function 01 total skeletal mass and therefore of body

.
concentration" (Po)l

-idgH that the term
defined and calcu

'mean skeletal lead I
tatwrr————————A

b)W. - (Pb).iv..
+ <Pb),w..

• (Pb).WM + (Pb).W..
(Pbl.VV... (1)

where (Pb), is the lead concentration (in ug/g bone ash) of the
five sites, x - r represents tibia. J the skull, v the vertebra, r the
rib. and i the ilium. IV. represents the ashed weight of the total
skeleton, and Wu is the ashed weight of the five sites lx - t. s.
v. r. and '). Unfortunately, data are not available in the litera-
ture on the ashed weight needed for the above computation.
It is. therefore, necessary to estimate these values from the
literature values on dry bone composition of the skeleton'5
and from our own ash to dry weight ratios (Table 1).

R.-
therefore:

WM - R. x W*..

(2)

(3)

Substituting equation (3) into equation (1) and dividing both
sides by the total skeletal dry weight (VVJ results in the follow-
ing:

<P"6)W./W, - (Pb),R,W,,/VV, . . . . . . . . .f (Pbl̂ WWW,. (4)

All the values on the right side of equation (4) are known or
obtainable from the literature. The WJW4 ratio for the total
skeleton must be evaluated. This was accomplished as
follows:

W. - R,W,. ......... -t- R.W*. (5)
Dividing both sides by the total skeletal dry weight yields:

WJWt - R.WWVV, ......... ••• RJWJW*. (to

Equation (6) will produce the skeletal ash to dry weight ratio
needed in equation (4) to allow calculation of mean skeletal
lead concentration (Pb).
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